• Membrane-binding GLA domains of coagulation factors are essential for proper clot formation.
• Membrane-binding GLA domains of coagulation factors are essential for proper clot formation.
• Factor X (FX) is specific to phosphatidylserine (PS) lipids through unknown atomic-level interactions.
• Molecular dynamics simulations were used to develop the first membrane-bound model of FX-GLA.
• PS binding modes of FX-GLA were described, and potential PS-specific binding sites identified.
Summary. Background: Factor X (FX) binds to cell membranes in a highly phospholipid-dependent manner and, in complex with tissue factor and factor VIIa (FVIIa), initiates the clotting cascade. Experimental information concerning the membrane-bound structure of FX with atomic resolution has remained elusive because of the fluid nature of cellular membranes. FX is known to bind preferentially to phosphatidylserine (PS). Objectives: To develop the first membrane-bound model of the FX-GLA domain to PS at atomic level, and to identify PS-specific binding sites of the FX-GLA domain. Methods: Molecular dynamics (MD) simulations were performed to develop an atomic-level model for the FX-GLA domain bound to PS bilayers. We utilized a membrane representation with enhanced lipid mobility, termed the highly mobile membrane mimetic (HMMM), permitting spontaneous membrane binding and insertion by FX-GLA in multiple 100-ns simulations. In 14 independent simulations, FX-GLA bound spontaneously to the membrane. The resulting membrane-bound models were converted from
Introduction
The coagulation cascade is a critical pathway triggered by vascular damage, terminating in the formation of a blood clot [1, 2] . Coagulation is extensively regulated through membrane interactions; the cascade is greatly accelerated upon binding of coagulation factors to negatively charged lipids of the membrane [3, 4] . Once bound, coagulation proteases become thousands of times more active [3, 5] , metamorphosing from extremely poor to highly effective enzymes. Although membrane interactions play an important role in the coagulation cascade, the atomic-level details of how this regulation takes place are not yet fully elucidated [6] [7] [8] . Factor X (FX) is a serine protease zymogen in the final common pathway of coagulation, and must be activated to generate the 'explosive' thrombin burst necessary for clotting [1, 3, [9] [10] [11] . Formation of complexes that include FX are highly membrane dependent [10] . FX is one of several coagulation proteins equipped with a specialized membrane-binding 'GLA' domain. These proteins are collectively known as vitamin-K dependent proteins [3, 12, 13] , as this vitamin is required for post-translational modification of multiple glutamates into c-carboxyglutamic acid (GLA) residues, necessary for proper folding and activity of GLA domains [14] . Specific sites on GLA domains are also involved in complex formation between coagulation proteins [15, 16] .
Each GLA residue carries a À2 charge, and typically coordinates one or more Ca 2+ (or, sometimes, Mg 2+ ) ions [17, 18] . These ions are necessary for proper GLA domain folding, resulting in a motif where divalent metal ions and highly charged protein residues are packed into the protein's center, whereas three hydrophobic residues in the x-loop are exposed on the exterior [8, [19] [20] [21] [22] [23] [24] (Fig. 1) . Upon membrane binding, hydrophobic x-loop residues, which we term the 'keel', penetrate into the hydrophobic core of the membrane (Fig. 1) [25, 26] . The bovine FX-GLA domain (PDB entry 1IOD [27] ), illustrated in Fig. 1 , contains eight Ca 2+ ions and 11 GLA residues, mostly located close to the keel. Previous computational work on a similar domain, FVII-GLA, found that this region interacts with the charged headgroups of membrane phospholipids [25] .
Despite high structural and sequence conservation [13] , GLA domains from different coagulation factors show marked variance in lipid specificity and membrane binding affinity [3, 7, 28] . FX and most other vitamin K-dependent clotting proteins bind preferentially to phosphatidylserine (PS), whereas GLA domains of the closely related FVII and protein C bind preferentially to phosphatidic acid (PA) [7, 28, 29] . Although the PA headgroup consists of a phosphate group alone, the PS headgroup includes three charged groups: a phosphate, a carboxyl and an amino group.
Understanding the role of specific phospholipids in membrane binding of the FX GLA domain (FX-GLA) will greatly add to our knowledge of key elements in the coagulation cascade. Experimental efforts to acquire this knowledge have been hampered by the difficulty inherent in studying membrane-bound coagulation proteins at sufficiently high resolution to elucidate sources of lipid specificity [30, 31] . Previous computational studies of FX structure and dynamics did not include membrane interactions [11, 32] .
Only one well-folded structure of FX-GLA has been experimentally characterized with all Ca 2+ ions resolved, a bovine FX-GLA bound to a snake venom protein (PDB 1IOD). [27] This structure was characterized in solution, and thus can give little insight into membrane binding. All structures characterized for human FX either lack the GLA domain or, when the GLA is resolved, show disordered protein folds and missing/unresolved Ca 2+ ions [33, 34] . Given the importance of Ca 2+ ions in mediating membrane binding [25] , it is unwise to draw conclusions on membrane binding from such structures.
All-atom MD simulations studying GLA domains have been impeded previously by the slow timescales required to capture full membrane binding of the protein and to sufficiently sample equilibrium protein-lipid interactions [30] . In traditional membrane representations, slow diffusion of lipids, in the order of 10 À8 cm 2 s À1 [31] , makes membrane binding and partial membrane insertion of peripheral membrane proteins such as GLA domains challenging if not impossible under currently achievable timescales. A reduced, yet atomistic, membrane representation, the highly mobile membrane mimetic (HMMM) [31] , has been specifically designed to address this issue, allowing for faster lipid diffusion and thus enhanced characterization of protein-lipid interactions at an atomic level. HMMM properties have been well characterized [31] and it has been applied with success to a variety of peripheral membrane protein systems [35] [36] [37] [38] [39] [40] [41] , including characterizing a membrane-bound model of FVII-GLA [31] . Here, for the first time, we develop a model of membrane-bound FX-GLA using extensive molecular dynamics (MD) simulations using HMMM membranes to investigate protein-lipid interactions between FX-GLA and PS lipids. Starting from the solution crystal structure (PDB 1IOD [27] ), we capture spontaneous binding of FX-GLA to a PS HMMM in 14 independent, unbiased simulations. Membrane-bound states are then converted to full-membrane representations. Results of 200 ns for each of the 14 FX-GLA structures reported here are used to characterize membrane penetration depth and membrane orientation of FX-GLA. Further, extensive sampling of lipid-protein interactions has allowed for detailed analysis of GLA-lipid interaction patterns and identification of putative PS-specific binding sites. The bovine FX GLA domain (FX-GLA) from protein databank structure 1IOD [27] . Significant features of the GLA domain are: (i) Ca 2+ ions, shown as green balls, (ii) specialized c-carboxyglutamic acid residues, shown in orange, (iii) the x-loop, highlighted in magenta, and (iv) the hydrophobic keel residues, highlighted in blue. In order to refer to orientation of the GLA domain, we have appropriated the nautical terminology of 'stern', 'bow', 'port' and 'starboard' to refer to four sides of the protein.
[Color figure can be viewed at wileyonlinelibrary.com]
Methods

Membrane binding simulations
A crystal structure of bovine FX-GLA (which we will refer to hereafter as FX-GLA) from Protein Data Bank entry 1IOD [27] was used as the starting structure for our simulations. Using the PSFGEN plugin of visual molecular dynamics (VMD) [42] , an N-terminal ammonium group and a C-terminal N-methyl amide group were added, along with hydrogen atoms. The N-methyl amide group was chosen rather than a charged C-terminus because the C-terminus in the full-length protein would be connected to the first FX epidermal growth factor (EGF1) domain, and a C-terminus with default charge would introduce an artificial charged group to this region. FX-GLA was next placed in a 60 9 60 9 60 A 3 water box using the SOLVATE plugin of VMD. This box was neutralized with K + ions added using the AUTOIONIZE plugin of VMD and equilibrated for 1 ns after 2000 steps of energy minimization. This solvated model was used as the starting point for all subsequent membrane-binding simulations.
Our HMMM membrane construct was used in binding simulations to allow for both increased lipid interaction sampling and ease of FX-GLA insertion. A detailed description of the HMMM can be found in Supplemental Material ( Figure S1 ). We used a 100% PS membrane, although this deviates from the PS concentration in mammalian cells, to achieve enhanced sampling of FX-GLA interaction with this critical lipid. A 50 9 50 9 114 A 3 solvated HMMM-PS lipid patch was constructed using the HMMM Builder in CHARMM-GUI [43] . Nine independent orientations were generated by placing FX-GLA 3 A above the membrane, where 3 A is the minimum distance between any GLA domain atom and any PS-membrane atom. Each FX-GLA membrane orientation was at least a rotation of 15°different in the x-z or y-z plane from every other orientation. Finally, each of the nine independent systems was neutralized with K + ions using the AUTOIONIZE plugin of VMD. We chose not to include free Ca 2+ because of the very slow equilibration of free Ca 2+ interactions with lipids. This is one of the limitations of the present study, as Ca 2+ ions can potentially affect the electrostatic properties and structure of PS lipids. The final systems were each approximately 24 000 atoms. The z-position of HMMM short-tailed lipids was restrained harmonically (k = 0.1 kcal mol À1 A À2 applied to lipid tail atoms with CHARMM force field numbers C31 and C21) throughout the simulations to more closely reproduce the natural distribution of head-group positions. Each of nine independent FX-GLA systems was simulated three times with different initial velocities for a total of 27 independent simulations of 100 ns each ( Fig. 2) .
Conversion of HMMM model to conventional membrane
To ensure the final FX-GLA membrane-bound model was not unduly affected by use of the HMMM as opposed to a full-tailed lipid construct, bound systems were converted to full membrane, using a PDB generated 27 copies of FX-GLA 14 copies of FX-GLA 14 copies of FX-GLA final structures: 100 ns HMMM +100 ns conventional membrane in conventional membrane 100 ns 100 ns 14/27 copies of FX-GLA fully bound in HMMM Convert membrane 3 × 9 independent initial orientations PS HMMM Fig. 2 . Illustration of the simulation protocol for developing the FX-GLA membrane-bound model. After the initial 27 membrane-binding simulations were run for 100 ns, the models with keel residues inserted below the level of the phosphate plane in the membrane (14 systems) were converted to conventional full-tailed membrane models and simulated for an additional 100 ns. [Color figure can be viewed at wileyonlinelibrary.com] from the final frame of each 100 ns HMMM simulation. Conversion to full-tailed membrane was only carried out for FX-GLA structures in which keel residues penetrated below the level of phosphates in the membrane, which we will hereafter refer to as 'properly bound'. A total of 14 FX-GLA HMMM binding trajectories satisfied this criterion ( Fig. 2) . For conversion to full membranes, first the layer of 1,1-dicholoroethane (DCLE) solvent molecules was removed from the center of the HMMM bilayer. Then, a full-tailed lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) was overlaid onto each short-tailed lipid, and coordinates of missing atoms were copied from the full-tailed lipid, thus allowing for head-group interactions obtained from HMMM simulations to be preserved. In some cases, introduction of full lipids resulted in clashes between adjacent lipid tails. A 2500-step energy minimization resolved such clashes. In a solitary case where three lipid tails overlapped at the same point, atoms of the overlapped tails were manually moved using VMD prior to the minimization step, eliminating the overlap. Each FX-GLA full-membrane system was simulated for another 100 ns.
Simulation protocols
All simulations were performed using NAMD2 [44] and CHARMM36 [45] force-field parameters. Parameters of GLA residues were those previously developed by our laboratory [25] with atom types renamed as appropriate for conversion from CHARMM27. The TIP3P water model was used for all simulations. Constant pressure was maintained at a target of 1 atm using the Nos eHoover-Langevin piston method [46] . Constant temperature was maintained by Langevin dynamics with a damping coefficient, c, of 1 ps À1 applied to all atoms [47] . All simulations used a 2-fs time-step and a temperature of 310 K. Covalent bonds involving hydrogens and the H-O-H angle were fixed using the SHAKE and RATTLE algorithms [48, 49] . The particle mesh Ewald (PME) method [50] was used for long-range electrostatic calculations with a grid density greater than 1/ A 3 . Nonbonded interactions were truncated after 12 A with a smoothing function starting at 10
A. System set-up, visualization and analysis were carried out using VMD [42] .
Analysis
Depth of GLA domain insertion into the membrane was assessed by calculating the z component of the center of mass (COM) of backbone atoms in residues PHE4, LEU5 and VAL8 in the FX-GLA keel relative to the average plane of the phosphate groups (phosphorous atoms and four bonded oxygen atoms) of PS lipids. The z-position of COM of Ca 2+ ions 1-7 (Ca-1 to Ca-7), z-position of COM of the lipid carboxyl groups (carbon and two bonded oxygen atoms) and z-position of COM of amino groups (nitrogen and three bonded hydrogen atoms) were also calculated relative to the phosphate plane (Fig. 3) ; from this point forward the terms Ca 2+ ions, phosphate, carboxyl and amino groups will refer to the atoms specified above. Orientation of FX-GLA relative to the membrane plane was assessed using two angles defined in perpendicular planes, termed 'port-to-starboard' and 'bow-to-stern' (see Fig. 1 for locations on the GLA domain of port, starboard, bow and stern). The bow-to-stern angle is the angle between the membrane normal (z-axis) and the vector connecting the COMs of Ca-1,2,3 and Ca-4,5,6 (see Fig. 4 ). The port-to-starboard angle is the angle between the membrane normal and the vector connecting COM of backbone atoms in LEU13, GLA14, GLA29 and VAL30 and COM of backbone atoms in GLA19, CYS22, SER23 and LEU24. These two sets of residues represent opposite ends of the two helices directly above the level of the coordinated Ca 2+ ions. Thus, the bow-to-stern angle represents relative tilt of the stern and bow ends of FX-GLA to the membrane normal, and the port-to-starboard angle represents relative tilt of the port and starboard ends to the membrane normal.
Contacts between lipid headgroup-charged moieties and FX-GLA (bound Ca 2+ or protein residues) were calculated based on specific distance cut-offs, which were determined using radial pair distribution function calculations. Number of contacts here is pairs of atoms within a specified cut-off distance. Distances between all protein and Ca 2+ atoms and phosphate, amino and carboxyl atoms were calculated. Radial pair distribution functional analysis was performed separately for distances between the residue type of interest (protein or Ca 2+ ions) and the lipid head-group moiety of interest (carboxyl, amino or phosphate).
The contact calculations were made by sampling every 20 ps of the 100-ns full-membrane simulation. For protein residues and Ca 2+ ions, all atoms were included in the contact number calculation. Cut-offs determined were 2.50
A for phosphate-Ca 2+ , 3.00 A for carboxyl-Ca 2+ , 2. 25 A for phosphate-protein, 2.50 A for carboxyl-protein and 2. 25 A for amino-protein contacts. See Figure S2 in Supplemental Material for the radial distribution functions. To ensure all atoms interacting with protein were included in the calculation, the periodic box was centered around the protein and all atoms wrapped into the same periodic box.
To screen for putative PS-specific binding interactions, average numbers of protein and Ca 2+ contacts per lipid were calculated for full-membrane simulations. Lipids with high average protein contacts were visually inspected to determine whether more than one charged group on the lipid was interacting simultaneously with FX-GLA.
Number of water molecules in the interfacial region was quantified by measuring number of molecules within both 2 A of GLA residues (protein or calcium) and 2 A of PS. Data were smoothed using a Gaussian running average, with averaging over 50-ps intervals ( Figure S5 in Supplemental Material).
Results and Discussion
Spontaneous membrane insertion of the FX-GLA domain
To characterize the membrane-bound configuration of FX-GLA, we performed membrane-binding simulations, starting with 27 copies of FX-GLA in nine independent orientations and placed above a 100% PS HMMM membrane. After 100 ns, 14 of 27 FX-GLAs were observed to insert keel residues spontaneously into the membrane (Fig. 3) . Following keel insertion (positioning below the lipid phosphate plane), each FX-GLA quickly established a stable binding pose, which is conserved across all 14 FXGLAs. As shown in Fig. 3 , after the keel crosses the charged layer of lipid headgroups, insertion depths of both keel residues and Ca 2+ ions converge within 10 ns. For equilibrated trajectories, COM of keel residues reaches a depth of 5 A below the lipid phosphate plane, penetrating well into the membrane's hydrophobic core. COM of the Ca 2+ ion converges to a z-position 2 A or less above the carboxyl plane, and approximately 5
A above the phosphate plane. Similarly, the 14 FX-GLAs, despite highly varied initial orientations, converged to similar port-tostarboard and bow-to-stern orientations relative to the membrane subsequent to keel insertion (Fig. 4) . A well-defined binding pose can thus be characterized using these 14 trajectories in terms of both depth of insertion and orientation. The remaining FX-GLA simulations failed to insert keels into the hydrophobic core during 100-ns HMMM simulations (11 simulations), or showed GLA domain fold instability (two simulations), and thus were not included in further analysis ( Figure S3 in Supplemental Material). The number of water molecules in the interfacial region were quantified, and this analysis can be found in Figure S5 in Supplemental Material.
The 14 properly bound FX-GLA models were converted from HMMM to a conventional membrane representation. Both orientation relative to and insertion depth within the membrane plane was stable in 100 ns of simulation following membrane conversion (Figs. 3 and 4) . Indeed, membrane binding depth and orientation among the 14 trajectories further converges during the conventional membrane simulations. Distribution of bowto-stern angles (Fig. 4C, upper panel) follows a classic normal distribution centered at 85°, suggesting FX-GLA is either parallel to the membrane or tilted slightly toward the bow. Distribution of port-to-starboard angles is less regular, with the majority of angles lying between 90 and 120°and a small population at about 65°. This indicates that in most bound FX-GLAs the starboard end of the protein is tilted towards the membrane at about 10°, potentially enabling the GLA32 residue to interact with lipids ( Fig. 1) .
Fluctuations in binding height and orientation were found, as expected, to decrease upon conversion to a fullmembrane representation. This is consistent with lessened perturbation of the binding pose through slower lateral diffusion of surrounding lipids. Our membrane-bound FX-GLA model is thus stable under normal membrane conditions, and shows minimal perturbation upon shifting from HMMM to conventional membrane. 
PS-specific binding of the FX-GLA domain
Protein-lipid interactions were analyzed using all 100-ns trajectories obtained from full-membrane simulations to provide information on the nature of PS interactions with FX-GLA, as well as the location and characteristics of putative PS-specific binding sites. FX is highly PS specific, even stereochemically specific [51] , whereas other closely related GLA domains (FVII and protein C) are specific to other anionic lipids [7, 28, 29, 51] . It is unknown how atomic-level interactions give rise to this specificity. Given the importance of PS interactions in FX binding, we examined all contacts between FX-GLA residues and each of the PS charged groups, namely phosphate (À1), carboxyl (À1) and amino (+1) groups. Examination of protein-lipid contacts reveals an interesting pattern (Fig. 5) . The significant amino group contacts (average contact number greater than 0.2) occur with specialized GLA residues. All but one of the GLA residues show significant interactions with lipid amino groups, meeting the cut-off distance criterion in 25-40% of all trajectory frames with low standard deviations. This indicates that at any given time, approximately two GLA residues interact with lipid amino groups. GLA7, which has backbone atoms in the x-loop, is most likely to be engaged in this interaction (0.45 average contact number), whereas GLA residues in the two helices located above the level of Ca 2+ ions 1-7 (residues 13-32) have approximately equal likelihood of interacting with a lipid amino group ( $ 0.3 average contact number) (Fig. 5, Table 1 ). GLA32 shows significant lipid amino interactions, consistent with the observation that the starboard end of FX-GLA generally tilts toward the membrane.
The majority of contacts between Ca 2+ ions and lipids are with the lipid carboxyl groups; at any given time there is at least one lipid carboxyl group bound to each of the bow Ca 2+ ions (Ca-1 and Ca-2) and stern Ca 2+ ions (Ca-6 and Ca-7). Ca-6 also frequently interacts with lipid phosphate (0.52 average contact number) (Fig. 5 , Table 2 ). Three center Ca 2+ ions (Ca-3, Ca-4 and Ca-5) show no contacts with lipid charged groups, indicating their primary role in structural stability of the GLA domain [25] . Ca 2+ ions that interact with PS carboxyl groups are all coordinated by GLA residues with significant lipid amino group interactions. This suggests the same PS lipid may contribute carboxyl and amino groups for both interactions.
The primary lipid-phosphate binding sites on FX-GLA consist of two clusters of residues on the port and starboard faces of the protein, with the cluster consisting of LYS9, GLN10 and ARG15 on the starboard side (0.50, 0.43 and 0.37 average contact number, respectively) being particularly consistent and prominent throughout the trajectories. As shown in Fig. 5(B) , the side-chains of these residues have a very similar z-position relative to the keel and are located on the starboard side of the protein, forming a lipid phosphate binding patch. SER3 and ASN2 on the port side (with 0.16 and 0.27 average contact numbers, respectively) can also anchor the GLA in the membrane through lipid phosphate binding, but this is observed less frequently than binding to the port cluster. The overall binding pattern for FX-GLA is tiered; charged residues close to the keel primarily form lipid phosphate contacts, whereas those surrounding the Ca 2+ ions participate in interactions with lipid amino and, more rarely, lipid carboxyl charged groups (SER23 and ARG28).
We identified a number of putative PS-specific binding sites, or sites where PS lipids were bound using multiple charged groups. In some instances, all three functional groups on a PS lipid simultaneously engaged with protein residues and Ca 2+ ions. Interactions with multiple charged groups on the same lipid are more likely to be indicative of PS-specific sites. The two putative PS-specific binding sites we consider most likely based on the performed contact analysis are shown in Fig. 6 . These are interactions between: (i) PS, GLA19, Ca-6 and Ca-7; and (ii) PS, GLA29, GLN10 and Ca-1 (Fig. 6) . Additional PS binding modes observed in our simulations are shown in the Supplemental Material ( Figure S4 ). Each mode of interaction reported in Fig. 6 and Figure S4 was stable for at least 50 ns in the full-membrane simulations. In the majority of cases, a PS carboxyl group interacts with a Ca 2+ ion and the PS amino group interacts simultaneously with one of the GLA residues that coordinates that same Ca 2+ ion.
Comparison with other GLA domains
Sources of marked differences in binding affinity for PS exhibited by coagulation factor GLA domains remain to be investigated. Clearly, specific FX-GLA residues actively engage all important PS-charged groups. However, many of these residues are identical in other GLA domains that bind with lesser affinity to PS. For example, FVII-GLA, which shows low PS affinity [7] , has a nearly identical GLA residue placement as FX in the portion of the domain that actively interacts with lipids. The sole exception is GLA32, the last of 44 residues in FX-GLA to interact with lipids according to our analysis, and which in FVII-GLA is LYS32 (Fig. 7) . According to our analysis, dissimilar residues between the domains that are involved in PS-charged group interactions for FX-GLA are SER3, LYS9, GLN10 and GLA32. In FVII-GLA, these residues are ALA3, ARG9, PRO10 and LYS32. The location of these residues is highlighted in violet in Fig. 7 . The change from GLA to LYS at position 32 reverses the charge at that position, changing it from À2 to +1. Interestingly, FIX, known like FX to have high PS specificity [19] , also has a GLA residue in this position, whereas protein C, which like FVII binds with high affinity to phosphatidic acid, [7] has a GLN residue. This residue would be a good target for mutational studies, as our analysis suggests it may be involved in PS-specific interactions but is not involved in structural coordination of Ca 2+ ions.
The change of SER3 and GLN10 in FX to hydrophobic residues in FVII may change the pattern of phosphateprotein interactions, which could influence favorability of PS binding. Interestingly, one of the equivalent residues on the bovine prothrombin GLA domain (PT-GLA) was found in a previous experimental study [8] to bind PS. The lipid carboxyl group interacts with Ca 2+ ions, whereas the phosphate group binds to the charged patch formed by LYS3, ARG16 and ARG10 [8] (Fig. 8) . The PS pocket on PT-GLA is located in nearly the same position as the SER3, LYS9, GLN10, ARG15 phosphate binding patch found on our FX-GLA, although the SER3 side-chain is likely to be too short to participate with LYS9 and ARG16 in simultaneously binding a PS, as in PT-GLA. It is possible these sites on various GLA domains form nonspecific phosphate binding patches involved in modulating protein orientation, and thus indirectly modulating lipid affinity and even FX activation rates.
Conclusions
In this study, we report the first structural model for the membrane-bound state of FX-GLA, the membrane- The BLAST sequence alignment of coagulation factor GLA domains discussed in this study, namely: phosphatidic acid (PA)-specific domains factor VII and protein C; and phosphatidylserine (PS)-specific domains factor X (human), factor X (bovine) and factor IX, prothrombin (bovine). Unless specified otherwise, all sequences are human in origin discussed here. Cyan indicates residues of the keel (residues 4, 5 and 8). Gold indicates GLA residues whose positions are conserved among all GLA domains. Violet is used to indicate location of residues involved in membrane interactions that differ between FX-GLA and FVII-GLA, and the FX-GLA sequence number for these residues is reported in the top row of numbers. At sequence position 3, SER3 in FX-GLA is replaced by ALA3 in FVII-GLA. At sequence position 10, which was found to participate in interactions with lipid phosphate groups, the FVII-GLA carries a hydrophobic residue, whereas the PS-specific domains contain residues capable of interactions with anionic lipids. At sequence position 32, PA-specific domains contain positively charged or neutral polar residues, whereas the PS-specific domains contain negatively charged residues. The bottom row of numbers marks every 10th sequence position in the alignment. Magenta is used to highlight residues in the x-loop, residues 1-11, which were not otherwise highlighted. binding domain of a critical coagulation protein, and propose two putative PS-specific binding sites based on the simulation results. Experimental data showing binding of lysoPS to the prothrombin GLA-domain are consistent with our results [8] , as the single lipid in this experiment bound with its phosphate group to a site identified on FX-GLA as a phosphate binding site. Further experimental studies of the effects of mutating GLA32 and residues of the phosphate binding pocket will be informative as they can validate the proposed model of binding in this study. Mutation of additional GLA residues might also be useful if effected without modifying the FX-GLA fold and Ca 2+ coordination. It is possible that GLA7 and GLA25 provide sufficient structural support to coordinate Ca 2+ ions 1 and 2 without GLA29.
In order to enhance sampling of PS-GLA interactions, an artificially high PS concentration (100% PS) was used in combination with a membrane representation with enhanced lipid dynamics (HMMM). Provided there is sufficient computational power, future studies will examine the protein in a more native membrane environment, composed of a mixed lipid bilayer and taking into account the impact of bulk solution divalent ions such as Ca 2+ and Mg 2+ , thereby improving the realism of the environment and its relevance to physiological conditions. Another natural extension of the present study is to employ models of human coagulation factors.
Despite these technical limitations, the structural model developed in the present study will serve as the first structural framework, allowing for more rationally designed experiments investigating, for example, the impact of specific mutations on the activity of FX, or the development of small molecules for potential drug targets that would block lipid-specific binding of FX-GLA domains with the goal of diminishing thrombosis. Addendum M. P. Muller, J. H. Morrissey, and E. Tajkhorshid were responsible for study conception and design. M. P. Muller implemented the study, analyzed and interpreted the results, and drafted the manuscript. Y. Wang, J. H. Morrissey, and E. Tajkhorshid critically revised the manuscript for important intellectual content. All authors gave final approval of the manuscript to be published. Fig. S1 . Brief description of the highly mobile membrane mimetic (HMMM) model. The HMMM model is a biphasic solvent system composed of a core of organic solvent molecules and interfacial regions of short-tailed lipids. The short-tailed lipids are created by removing C6-C18 (left, yellow sticks) on the phospholipid acyl tail and replacing C6 with a hydrogen to satisfy the C5-C6 bond. Short-tailed lipids are represented in full atomistic detail. The formal chemical name for these short-tailed lipids, which do not occur in vivo, is divalerylphosphatidylserine (the circled fraction of the inset molecule). The organic solvent, 1,1-dichloroethane (right, yellow area), fills the space left by removal of C6-C18 (i.e. the membrane core) [31] . Figure originally published in [31] , and reprinted with permission of the Biophysical Society, Copyright 2012. Fig. S2 . The radial distribution function for (A) distances between protein residues and lipid charged functional groups and (B) distances between Ca 2+ ions (bound to the GLA domain) and lipid charged groups. All contact calculations used the cut-off values derived from this analysis, namely 2. 25 A for protein-phosphate contacts, 2.5
A for protein-carboxyl contacts, 2.25 A for proteinamino contacts, 2.5
A for Ca
2+
-phosphate contacts and 3.0 A for Ca 2+ -carboxyl contacts. Every 10th frame of a representative 100 ns conventional simulation was used to calculate the radial distribution function. Atoms used for each moiety were: all Ca 2+ ions for Ca 2+ , all protein atoms for protein residues, the carbon and two bound oxygen atoms for carboxyl groups, the phosphorus atom and four bound oxygen atoms for phosphate groups, and the nitrogen atom and three bound hydrogen atoms for amino groups. Fig. S3 . Membrane insertion and binding for improperly bound and discarded trajectories. Binding and penetration depth relative to the membrane for these trajectories are shown (A). (B and C) Examples of binding from these trajectories, which are representative of binding found in nine trajectories discarded for failing the criteria of membrane penetration of the keel residues below the phosphate headgroup region. Of the simulations with keels above the hydrophobic membrane core, nine FX-GLAs interacted with the membrane but represented non-specific binding poses, which would be incompatible within the context of the full-length coagulation FX. Poses of these nine simulations were either bound sideways to the membrane, as in (B), or upside down, as in (C). Two simulations showed no membrane interaction. An additional two trajectories were rejected as they showed partial unfolding of the omega loop (D). Fig. S4 . Phosphatidylserine (PS) binding modes. A-E show various PS binding modes we identified in which two or more charged groups on the same lipid interact with the protein/Ca 2+ . Specific residues interacting are (A) N-terminal (ALA1) with carboxyl, GLA420 with amino, and Ca-6 with phosphate, (B) GLA20 with amino, Ca-6 with carboxyl, (C) GLA32 with amino, ARG28 with carboxyl, (D) GLA7 with amino, Ca-1 and 2 with carboxyl, (E) GLA25 with amino and SER23 with carboxyl. Fig. S5 . Water at the interface between the membrane and the GLA domain. Raw contact data are shown in grey, while smoothed data (Gaussian running average) are shown in blue. We define water in the interface as water molecules both within 2 A of GLA residues (protein or calcium) and 2
A of POPS. Data for all 14 fully bound trajectories are included. Left panel shows data from the highly mobile membrane mimetic (HMMM) simulations; right panel shows data from the full membrane simulations. There is significant fluctuation throughout the trajectories, but by the end of the full membrane simulation between 10 and 15 water molecules are present.
